The domestic chicken, Gallus gallus, serves as an excellent model for the study of a wide range of ocular diseases and conditions. The purpose of this manuscript is to outline some anatomic, physiologic, and genetic features of this organism as a robust animal model for vision research, particularly for modeling human retinal disease. Advantages include a sequenced genome, a large eye, relative ease of handling and maintenance, and ready availability. Relevant similarities and differences to humans are highlighted for ocular structures as well as for general physiologic processes. Current research applications for various ocular diseases and conditions, including ocular imaging with spectral domain optical coherence tomography, are discussed. Several genetic and non-genetic ocular disease models are outlined, including for pathologic myopia, keratoconus, glaucoma, retinal detachment, retinal degeneration, ocular albinism, and ocular tumors. Finally, the use of stem cell technology to study the repair of damaged tissues in the chick eye is discussed. Overall, the chick model provides opportunities for high-throughput translational studies to more effectively prevent or treat blinding ocular diseases.
Introduction
Animal models are critical to vision research for numerous ocular diseases and conditions, including retinal detachment, retinal degeneration, glaucoma, and corneal injuries. Currently, multiple species including non-human primates, rodents, felines, and certain avian species are being used for ocular research purposes; all have advantages and disadvantages. However, the chick is perhaps an underutilized model animal with many advantages in cost, size, and ease of handling compared to other models. This review will focus on our experience with modeling human retinal disease using the chick model system and discuss its advantages and disadvantages for vision research.
Basic anatomy and physiology

Overview
The chick is a diurnal bird originating from jungle fowl (Eriksson et al., 2008) . Like most avian species, the chick relies heavily on vision for everything from predator evasion to food acquisition. With this highly developed visual system, the chick eye is relatively large compared to its overall size. The mean axial globe length of the chick eye, 12e13 mm (Montiani-Ferreira et al., 2003; Troilo et al., 1995) , is approximately half that of the human eye. Avian species exhibit this relatively large eye size by dedicating up to 50% of the cranial volume to the eye, compared to approximately 5% in humans (Waldvogel, 1990) . Table 1 provides anatomical comparisons between chick and human eyes, and Fig. 1 compares the chick to several other species used in vision research. Figs. 2 and 3 are images of hemisected chick eyes, also allowing for an overview of anatomical structures. Specific categories of chick ocular anatomic and physiologic details are presented in sections 2.2 through 2.9.
Cornea
The chick cornea is a transparent structure composed of five distinct layers: epithelium (outermost), Bowman's layer, stroma, Descemet's membrane, and endothelium (innermost) (Jones et al., 2007; Kanski, 1994; Ritchey et al., 2011) . The normal, average respective adult corneal diameter and thickness measurements are 9.1 mm and 405 mm (by histology and optical coherence tomography (OCT)) in chick (Fowler et al., 2004 ) compared with 11.5e12.5 mm (Rüfer et al., 2005) and 518e558 mm (as measured via ultrasound, Scheimpflug imaging, and OCT by Grewal et al. (2010) ) in humans. Fig. 4 shows a representative anterior segment spectral domain OCT image of the chick. Bowman's layer has been shown to play a key role in corneal wound healing (Fowler et al., 2004) , but rabbit and rodent models used in corneal wound healing studies have severely underdeveloped Bowman's layers (Hayashi et al., 2002) . In contrast, the chick has a true Bowman's layer, which is an advantage for trauma or corneal refractive studies, particularly studies of epithelial debridement in which epithelial cell re-growth is evaluated (Fowler et al., 2004; Ritchey et al., 2011) . Chick corneas are thinner than those of other animals, but the relative thickness ratios of chick corneal layers are very similar to those observed in human corneas (Fowler et al., 2004; Ritchey et al., 2011) . Furthermore, the chick eye, like the human, has a more stable blood-aqueous barrier than some species, such as the rabbit, which produces prominent fibrin material with minimal tissue manipulation (Fowler et al., 2004) .
Sclera
Extending laterally from the limbus, the avian sclera is in many respects analogous to the primate sclera. Distinguishing features include the presence of both fibrous and cartilaginous scleral layers and the presence of scleral ossicles (Coulombre and Coulombre, 1973; Koch, 1973; Rada et al., 1991) . A layer of hyaline cartilage is located internally, with a thin fibrous layer of type I collagen and proteoglycans situated externally. The hypocellular fibrous layer is similar in composition to the primate sclera (Rada et al., 1991) . The two layers respond differently during ocular growth, with the cartilaginous layer incorporating additional glycosaminoglycans Chicken: (Fowler et al., 2004; Glasser et al., 1994; Jones et al., 2007; Kanski, 1994; Ritchey et al., 2011) Human: (Grewal et al., 2010; Rüfer et al., 2005) Sclera Scleral ossicles present Contains hyaline cartilage 2 layers, fibrous and cartilaginous
No scleral ossicles No hyaline cartilage layer (Coulombre and Coulombre, 1973; Koch, 1973; Rada et al., 1991) Choroid Multi-layered, loosely cellular, and highly vascular tissue 250 mm mean global thickness Multi-layered, loosely cellular, and highly vascular tissue Approx. 200 mm peripapillary thickness Chicken: (Jones et al., 2007; Koch, 1973; Nava et al., 2016; Wood, 1917) Human: (Ho et al., 2011) Iris Striated muscle Smooth muscle (Koch, 1973) Lens Thickness: 3.5 mm Anterior Radius of curvature: 5.9 mm Thickness: 3.9 mm Anterior Radius of curvature: 10.5 mm Chicken: (Iribarren et al., 2014; Samuelson, 1991) Human: (Schachar, 2004) Chicken: (Bowmaker, 2008; Bueno et al., 2011; Dartnall et al., 1983; Hart, 2001; Headington et al., 2011; Kram et al., 2010; Meyer and May, 1973; Nava et al., 2016; Okano et al., 1992) Human: (Bowmaker, 2008; Jonas et al., 1992; Kashani et al., 2010; Okano et al., 1992; Wells-Gray et al., 2016) Optic Chicken: (Fischer et al., 2005 (Fischer et al., , 2010a (Fischer et al., , 2010b Morcos and Chan-Ling, 2000; Rager and Rager, 1978) Human: (Curcio and Allen, 1990 ).
Vasculature
Retina is avascular Pecten oculi supplies nutrition and oxygen to inner retina via diffusion through the vitreous Choriocapillaris supplies outer retina
Retinal artery supplies the inner retina No pecten oculi Choriocapillaris supplies outer retina (Jones et al., 2007; Waldvogel, 1990) a Wavelength values from Okano et al. (1992) . b Wavelength values from Dartnall et al. (1983) . c Non-astrocytic Inner Retinal Glia-like. (GAGs) and expanding, while the fibrous layer became thinner (Gottlieb et al., 1990; Marzani and Wallman, 1997) . Of note, the fibrous sclera of mammals also becomes thinner under growthinducing conditions (Funata and Tokoro, 1990 ) and decreases GAG incorporation in the extracellular matrix (Norton and Rada, 1995) . In both chicks and primates, thinning of the fibrous sclera is more pronounced in the posterior sclera (Gottlieb et al., 1990; Norton and Rada, 1995) . Interestingly, Marzani and Wallman (1997) demonstrated that fibrous sclera exposed to ocular growth-inducing stimuli was able to induce increased GAG uptake and expansion of control cartilaginous sclera when the two scleral tissue types were cultured together, while cartilaginous sclera exposed to the same growth stimuli could not produce changes in control fibrous sclera. Thus, the fibrous layer appears to play an important role in driving scleral physiology and ocular growth. The anterior aspect of the sclerotic coat is composed of the ossicles (Koch, 1973) . The bony ossicles are developed from intramembranous ossification and occupy a region from the corneal limbus to the equator of the eye. Numbering 13e14 in chickens, they form an overlapping ring around the eye (Coulombre and Coulombre, 1973; Koch, 1973) . Ossicles provide support and protection to the eye, serve as an attachment site for parts of the ciliary muscle, and may provide mechanical support for the mechanism of corneal accommodation (Glasser et al., 1994) .
Iris
Posterior to the cornea sits the pigmented iris that regulates the amount of light entering the eye. The mature iris is composed primarily of striated muscle but surprisingly contains both muscarinic and nicotinic acetylcholine receptors (Jones et al., 2007; Koch, 1973; Pilar et al., 1987) , while adrenergic receptors are found on the dilator muscle (Hoffman et al., 1980) . In humans, the dilator muscle has alpha1 adrenergic receptors, while the sphincter muscle has muscarinic, but no nicotinic, receptors (Gupta et al., 2014; Reibaldi et al., 1984) . These differences require a different pharmacologic strategy to dilate the chick pupil. In humans, sympathomimetics (e.g., phenylephrine 2.5%) are frequently combined with muscarinic antagonists (tropicamide or atropine) to dilate the pupil. In chicks, nicotinic receptor antagonists are critical. For example, Pilar et al. (1987) demonstrated in ex vivo studies that the nicotinic antagonist alpha bungarotoxin reduced pupil contraction force more than atropine 0.5% in postnatal birds and that the combination of drugs effectively blocked electrically-induced pupil constriction, more than nicotinic antagonist alone. Moderate dilation for ophthalmic procedures requiring bright illumination has been achieved with the nicotinic antagonist turbocurarine in 0.1% benzalkonium-containing solution (Cebulla et al., 2012) . However, a triple combination of this agent with a muscarinic antagonist and adrenergic agonist might improve dilation responses.
For some time it was thought that avian species lack a true consensual pupillary reflex, and that instead the consensual response may occur as light reaches the contralateral retina through transillumination (Jones et al., 2007; Levine, 1955; Schaeffel et al., 1986) . Interestingly, in some avian species, transillumination can be distinctly noted on exam. A detailed anatomical study in pigeons by Chard and Gundlach (1937) demonstrated only 1 mm of bone separated the two orbits, providing further credence to the transillumination theory. Schaeffel et al. (1986) demonstrated that longer wavelengths of light passed through the lamina interorbitalis in chicks, while shorter wavelengths did not. Additionally, they observed that shorter wavelengths, <577 nm, did not cause any consensual pupillary response. More recent work has demonstrated the presence of a pupillary reflex in the eyes with a transected optic nerve after exposing the contralateral eye to a light stimulus, definitively proving the presence of a true consensual reflex (Li and Howland, 1999) .
Ciliary body
The ciliary body, located posterior to the iris, is made up of two striated muscles: the anterior and posterior sclerocorneal muscles (Jones et al., 2007; Murphy et al., 1995) . While in humans the ciliary body is responsible for accommodation, its exact role in avian lenticular accommodation is still debated (See section 2.7). As in humans, the ciliary body of avian species also plays a role in aqueous humor production and outflow in addition to holding the lens in place via radial zonular fiber attachments (Jones et al., 2007; Koch, 1973; Lauber, 1987; Murphy et al., 1995) .
In the avian eye, aqueous humor is produced by the ciliary epithelium and flows into the anterior chamber via the pupillary opening. Like in humans, the aqueous humor is drained primarily by the trabecular meshwork. The aqueous has multiple functions including supplying nutrients and oxygen to avascular structures in the anterior chamber, namely the lens and cornea, and providing pressure support to help shape the cornea (Jones et al., 2007; Kinnear et al., 1974; Koch, 1973) .
Lens
The adult chick lens measures approximately 3.5 mm in thickness and 5.9 mm in anterior radius of curvature (Iribarren et al., 2014) , compared with human lens dimensions of approximately 3.9 mm in thickness and 10.5 mm in anterior radius of curvature (Schachar, 2004) . The lenses of avian species exhibit several differences from those of primates. For one, an annular pad surrounds the lens cortex and serves as an attachment point for ciliary muscles (Koch, 1973; Murphy et al., 1995) . This allows direct force to be applied to the lens. This force may in part be responsible for accommodation in birds. The avian lens exhibits more flexibility than its human equivalent (Samuelson, 1991) , and, when coupled with the fast action of the striated ciliary muscle (Briggs, 1991) , allows for more rapid accommodation in birds (Jones et al., 2007) .
Accommodation
In humans, accommodation occurs through lenticular changes as a result of ciliary muscle contraction. Ciliary muscle contraction leads to laxity of the zonular fibers allowing for "rounding up" of the lenticular apparatus. This mechanism can produce, on average, up to 16 diopters (D) of accommodation, allowing for a focal distance of 6.25 cm. By comparison, stimulation of the Edinger-Westphal nucleus in chickens may generate between 19 D and 25 D of accommodation. Total natural accommodation in chickens is 15e17 D, as measured by Schaeffel and Howland (1987) using infrared photoretinoscopy and photokeratometry. Accommodation in chicks is estimated to occur at a rate of 80 D/s (Schaeffel and Feldkaemper, 2015) , much faster than corresponding human estimates of 10 D/s (Schaeffel et al.,1993) . The mechanism of accommodation in the chick has been debated. It is thought that accommodation is mediated through both lenticular and corneal changes, contributing 60% and 40%, respectively (Glasser et al., 1994; .
Several theories exist regarding the exact mechanism of avian lenticular accommodation. One early theory maintained that contraction of the ciliary body against the lens equator causes axial thickening of the lens (Meyer, 1977; Pumphery, 1961; Walls, 1963) . Glasser et al. (1995) proposed that peripheral circular and oblique muscle fibers of the iris contract, forcing the ciliary body to push against the annular pad at equatorial plane of the lens, altering the lens shape. Ostrin et al. (2011) demonstrated that, following iridectomy in chicks, nicotinic receptor mediated accommodation was not significantly different between iridectomized and control chicks, suggesting the iris does not drive accommodation. Given the diversity of avian species, it is likely that different mechanisms of lenticular accommodation exist in birds. At this point, however, the mechanism of lenticular accommodation in chickens remains unclear.
Corneal changes account for up to 40% of accommodation in the chicken eye. Glasser et al. (1994) showed that corneal accommodation occurs through ciliary muscle contraction, which produces a force on the inner lamella of the cornea, causing peripheral flattening and increased central curvature. A subsequent study by demonstrated that the ciliary muscle anatomy in chickens is consistent with the Glasser et al. (1994) mechanism. In summary, accommodation in the chick is thought to be dependent on lenticular changes as well as by changes in corneal curvature induced by the ciliary muscle.
Retina and pecten oculi
The chick retina has a similar organization to humans and other mammals, but with some major differences. While primates, certain avian species, and some lizards and fishes have foveal contours, the chick retina lacks a fovea (Schwab, 2012; Slijkerman et al., 2015) , but instead exhibits an afoveate area centralis situated 2 mm from the dorsal edge of the optic disc (Morris, 1982) . The chick retina has similar layer organization to the mammalian retina, with 3 nuclear layers: the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear layer (ONL).
Spectral domain OCT imaging has demonstrated that the relative thickness of chick INL to ONL is greater than in mammals (Moayed et al., 2011) . Fig. 5 demonstrates the comparative differences in INL and ONL thickness in chick and mouse and types of photoreceptors. To gain more insight into these differences, we analyzed DAPI or Draq5 stained sections from central regions of chick and mouse retinas (n ¼ 6 for each species), finding INL/ONL ratios of 4.41 ± 0.62 in the chick and 0.76 ± 0.09 in the mouse (unpublished observation). This finding demonstrates that many more interneurons exist in the INL of the chick retina relative to photoreceptors in the ONL. There are more photoreceptors in the mouse retina relative to the chick and relative to interneurons in the INL. The greater number of interneurons per photoreceptor in the chick suggests that there is more image processing or change detection occurring within the retina before ganglion cells send signals to the brain.
Differences in the retinal photoreceptors and the presence of accompanying colored oil droplets also set the chicken eye apart from its human counterpart. To date, six types of photoreceptors have been characterized in the chicken retina on the basis of gene expression and oil droplet absorption (Bowmaker, 2008; Bowmaker et al., 1997; Hart, 2001; Kram et al., 2010; Yokoyama, 2000) . Four are composed of single cones giving rise to tetrachromic vision while a fifth photoreceptor type composed of a "double-cone" is responsible for achromic perception of movement (Hart, 2001; Jones et al., 2007; Kram et al., 2010) . Bowmaker (2008) uses current opsin family nomenclature for photoreceptor pigments, grouping them into five evolutionarily distinct opsin gene families: LWS, RH2, SWS2, SWS1, and RH1. Associated wavelengths of maximal absorption (l max ) listed were determined by Okano et al. (1992) . These chick cone photopigments are composed of long (LWS (571 nm) chick red), medium (RH2 (508 nm) chick green), short (SWS2 (455 nm) chick blue), and extreme short (SWS1 (415 nm) chick violet) wavelength sensitive opsins (Bowmaker, 2008; Hart, 2001; Okano et al., 1992) . The LWS opsin is also found in double cone photoreceptors, which are the most abundant subtype in the chicken retina, comprising almost 41% of the cone photoreceptors (Kram et al., 2010) . By comparison, humans have only trichromatic vision with three cone photopigments (two LWS subtypes, L (558 nm) red, and M (531 nm) green, and an SWS1 (419 nm) bluesensitive) (Bowmaker, 2008; Dartnall et al., 1983) . Additionally, a rod photoreceptor is responsible for night vision. As in humans, chicken rod photoreceptors express rhodopsin-1 (RH1) with l max around 500 nm. (Bowmaker, 2008; Bruhn and Cepko, 1996; Okano et al., 1992) . Kram et al. (2010) demonstrated that individual photoreceptor subtypes are not randomly arranged; instead, they display a striking degree of regularity in their spatial organization. The exact mechanism by which the patterning takes place is unknown, but it is theorized that lateral inhibition and photoreceptor specific signaling inhibit the development of the same receptor subtypes in a nearby area (Kram et al., 2010) .
Photoreceptor oil droplets are found in most, if not all, avian species, some lizards, anurans, and some fishes (Bowmaker, 2008) , but are not present in placental mammals. In chickens, the oil droplets are colored (red, orange-yellow, yellow-green, by light microscopy (Bowmaker and Knowles, 1977) ), due to the presence of carotenoid pigments in all but the SWS2 cone type, which contains clear oil droplets (Bowmaker, 2008; Goldsmith et al., 1984; Hart, 2001; Kram et al., 2010; Niessner et al., 2011) . Oil droplets are found at the distal end of the inner segment of cone photoreceptors (Fig. 5 ), but are lacking in rods (Bowmaker et al., 1997) . Light passes through the oil droplets before reaching the cone opsins. Many functions of these droplets have been reviewed by Hart (2001) , including protection from ultraviolet radiation, increased visual acuity, and detection of magnetic fields. Importantly, oil droplets function as long-pass cut-off filters, allowing only certain wavelengths of light to pass through, thus altering the spectral sensitivity of photoreceptors, decreasing chromatic aberration, and enhancing spectral discrimination (Beason and Loew, 2008; Bowmaker et al., 1997; Hart, 2001 Hart, , 2006 Porter et al., 2014; Stavenga and Wilts, 2014; Walls, 1963) . Yellow filters are particularly important in filtering scattered short-wavelength light that creates glare, creating sharper images (Walls, 1963) . The presence of several different filter colors also presents an advantage in discrimination of various hues, e.g. yellow filters improve discrimination in shades of green by filtering blue light (Hart, 2001; Walls, 1963) . Thus, the spatial arrangement of particular oil droplet and cone types in certain regions of the retina allow avian species to have specialized, region-specific hue discrimination (Hart, 2001; Walls, 1963) . For chick oil droplets, the 50% transmission wavelengths are 575, 520, 497, and 454 nm, blocking light below these wavelengths (Bowmaker and Knowles, 1977) . Of course, filtering light decreases the range of wavelengths over which an individual photoreceptor pigment can detect the light. Thus, oil droplets allow for better chromic discrimination at the trade-off of decreased sensitivity (Collin et al., 2009; Govardovskii, 1983; Hart, 2001; Vorobyev, 2003) . The light lost by filtering may be offset by the lens-like function of the droplets that alter the refractive index of longer light wavelengths and focus light to the outer segment (Stavenga and Wilts, 2014) .
It is thought that a common ancestor to birds and mammals had developed an advanced visual system containing oil droplets, but that these oil droplets (and double cones) were lost during some part of mammalian evolution, possibly during a period when mammals were primarily nocturnal (Collin, 2010; Collin et al., 2009; Walls, 1963) . Evidence for this is found in fossil records from the Mesozoic Era, showing mammals that were primarily small insectivores (Heesy and Hall, 2010; Luo, 2007) . Nocturnal behavior was thought to remove the evolutionary need for better color perception and acuity, eventually resulting in the loss of cone types. Moreover, as most, but not all, oil droplets absorb light, they were thought to hinder night vision, further supporting their loss in early nocturnal mammals. In fact, many mammals today have only dichromic vision (Two LWS subtypes, L and M cone photopigment types), with humans having re-evolved trichromic vision (L, M, and SWS1 cone photopigment types) in response to pressure to develop better vision in a diurnal cycle (Jacobs, 1996) .
Both chicken and human retinas are cone-rich, highlighting the importance of color vision in both species. In chickens this is manifested in a 3:2 cone to rod ratio overall (Meyer and May 1973) , while the human retina exhibits a 1:20 ratio of cones to rods . Cone density varies within both chicken and human retinas. In both species, areas corresponding to central vision contain a high density of cones that decreases gradually in areas of increasing eccentricity (Bueno et al., 2011; Chui et al., 2008; Kram et al., 2010) . In the chick, the highest density of cones occurs in the afoveate area centralis (a roughly circular rod-free region approximately 3 mm in diameter (as calculated from the figures in Weller et al. (2009) ), which provides for high acuity color vision (Bueno et al., 2011; Morris, 1982) . Adaptive optics studies (Bueno et al., 2011; Headington et al., 2011) and histological investigation (Kram et al., 2010) demonstrate estimates for chick cone density varying from 15,000 to 36,000 cones/mm 2 in the central retina. In comparison, despite being more rod-dominated overall, adaptive optics (Wells-Gray et al., 2016) and histological (Jonas et al., 1992) studies estimate human cone density to be between 140,000 and 188,000 cones/mm 2 at the fovea. In peripheral retinal locations, chick cone densities are approximately 8000 cones/mm 2 (Bueno et al., 2011) , while corresponding human estimates range from 6000 to 7000 cones/mm 2 (Chui et al., 2008; Jonas et al., 1992) As mentioned, novel adaptive optics imaging techniques have been used to characterize the cellular properties of the chick retina in vivo. It is worth noting that, in addition to the aforementioned studies focused on measuring cone densities, adaptive optics has also been successfully used to measure chick photoreceptor pointing properties, describing the alignment of their longitudinal axes, in vivo (Walker et al., 2015) . This application may be useful in future studies of chick eye development.
Avian species lack retinal vasculature, and instead have a pecten oculi. The pecten (Fig. 6 ), unique to avian species, begins from the optic nerve head and extends out into the vitreous. It is a highly pleated and vascular structure, but its exact function is still debated (Jones et al., 2007; Mann, 1924) .
In chickens, the pecten is directly connected to the inner nerve layer (Fig. 6 ) (Seaman and Storm, 1963) . The lack of vessels overlying the retina decreases the amount of light scattered before reaching the photoreceptors, improving visual acuity. As the chicken retina lacks direct vascularization, the inner retina is classically thought to receive nutrients, at least in part, from the pecten via diffusion through the vitreous (Jones et al., 2007; Waldvogel, 1990) . While the pecten is located >1 cm from certain retinal neurons, casting doubt on the ability of nutrients to effectively diffuse across such a distance, Pettigrew et al. (1990) demonstrated that the saccadic oscillations observed in birds may aid in propelling nutrients to more distant regions. The underlying choriocapillaris supplies oxygenation and nutrients to the outer retina (Evans and Martin, 1993) .
Initial experiments with surgical ablation of the pecten in pigeons led to degeneration of the inner retinal layers (Wingstrand and Munk, 1965) . However, the optic nerve head derives some of its vascular supply from arterioles at the base of the pecten; therefore, the retinal atrophy may have been caused by disruption of these vessels rather than destruction of the pecten (Brach, 1975) . When using electrocautery to ablate the pecten, Brach (1975) found no retinal degradation and preservation of vision. These findings suggest the pecten may have functions apart from nutritional support of the retina.
The pecten oculi of many avian species contain a high density of melanin. Unlike many other pigments which have a much more limited range of absorption, melanin can absorb near infrared, visible, and ultraviolet light (Goodman and Bercovich, 2008; Hu et al., 2008) . The fact that high levels of the enzymes catalase, carbonic anhydrase, and alkaline phosphatase are found within the pecten suggest metabolic activity, leading some to suggest that the melanin is involved in creating metabolic energy from absorbed light (Brach, 1977; Goodman and Bercovich, 2008) . Specific hypotheses for this process include increased recycling of metabolic intermediates coupled to the energy absorbing function of melanin and the use of melanin and catalase to produce oxygen in the retina from toxic intermediates in response to light-induced NADPH stimulation (Goodman and Bercovich, 2008) . Though these actions would be a small addition to the total metabolism, they may confer a competitive advantage, especially to avian species in environments with scarce resources or those undergoing long migratory flights with little rest.
Choroid
The avian choroid is a multi-layered, pigmented, and well vascularized tissue (Jones et al., 2007; Koch, 1973; Wood, 1917) . Anteriorly the choroid becomes continuous with the iris. The proximal layers of the choroid contain the choriocapillaris (Fig. 6 ) and are responsible for supplying the outer retina with nutrients and oxygen (Evans and Martin, 1993; Jones et al., 2007; Koch, 1973) . The lamina basalis, the innermost layer, separates the retinal pigment epithelium from the underlying choriocapillaris (De Stefano and Mugnaini, 1997; Evans and Martin, 1993; Jones et al., 2007) . Interestingly, the choroid may also serve as an ocular cooling system, dissipating heat from light and metabolic processes in the eye (Auker et al., 1982; De Stefano and Mugnaini, 1997; Jones et al., 2007; Parver et al., 1980) .
Optic nerve and inner retina
The chick optic nerve head (ONH) has a relatively linear shape with the pecten inserted basally (Brach, 1977; Seaman and Storm, 1963) . Thus, the pecten limits ONH visualization with noninvasive imaging techniques. High-quality histological images of the optic nerve head of the embryonic chick have been published by Halfter et al. (2001) . Relatively little work has been done on the chick ONH. May (2008) provides comparisons of what is known about the optic nerves and inner retinas of various species used in glaucoma research. As in humans, the chick optic nerve does have a lamina cribrosa, though this structure is described by Morcos and Chan-Ling (2000) as poorly developed without much specialization of connective tissue. The chick also lacks retinal vessels at the optic disc. The chick retina contains approximately 2.4 million ganglion cells (Rager and Rager, 1978) , as compared to an estimated 700,000e1.5 million in human retinas (Curcio and Allen, 1990 ). According to Ehrlich and Morgan (1980) in the chick, 30e35% of ganglion cell layer neurons in both central and peripheral locations appear to be amacrine cells, while humans demonstrate a higher concentration of amacrine cells in the periphery 80%, with only 3% at the fovea (Curcio and Allen, 1990 ). The chick retina does not appear to have astrocytes in the inner retina (Schuck et al., 2000) as seen in humans.
Studies to explore neuroglial and gliovascular biological mechanisms have characterized the special glia of the chick optic nerve head (see Fischer et al., 2010a; Schuck et al., 2000; . The chick has a population of peripapillary glia which are hypothesized to play a role in limiting the development of capillaries into the avascular retina (Schuck et al., 2000) . identified Pax2 expression in the peripapillary glia as well as in the glia of chick optic nerve. The chick optic nerve head macroglia include a novel glial cell type termed "NIRG" (nonastrocytic inner retinal glia-like) which are also present in the retina. Although the morphology of NIRG cells in the inner plexiform layer is typical of astrocytes (Rompani and Cepko, 2010) , they are positive for Nkx2.2, Olig2, and nestin and negative for Pax2, S100-beta, and GFAP unlike astrocytes (Fischer et al., 2010a; . NIRG cells are present in chick ONH, and may be present in the ONH of canines and non-human primates, but not mice and guinea pigs (Fischer et al., 2010a) .
Visual acuity
Visual acuity in animal models is often described using techniques to measure visual spatial resolution. Johnson (1914) initially measured visual acuity in an adult chicken by observing its choices between two food boxes after providing a signal light. This study estimated the chicken's visual acuity to be approximately 25% that of the human. Studies in young chicks (Over and Moore, 1981; Schmid and Wildsoet, 1998 ) suggest that chicks demonstrate useful visual acuity within the first few days post-hatch. Over and Moore (1981) estimated the visual acuity of the chick to be approximately 1.5 cycles per degree (c/d) by post-hatch day 5 using a protocol that required chicks to jump to a grating. This study found that most of the improvement in spatial acuity occurred between post-hatch days 1 (1.17 c/d) and day 2 (1.39 c/d) and that beyond this there was minimal improvement from day 2 to day 25. DeMello et al. (1992) used a different method where adult chickens were trained to peck at targets when they became illuminated. The highest visual acuity recorded among their 6 subjects was 6.2 c/d. More recently, Schmid and Wildsoet (1998) studied the spatial acuity and contrast sensitivity in chicks using an optokinetic nystagmus (OKN) drum, with following of the drum by head turn indicating a positive visual response. Using this technique, spatial acuity was estimated to improve from 6.0 to 7.7 c/d at post-hatch days 2 or 4 to 7.7e8.6 c/d by day 8. For comparison, measurements of spatial acuity in adult humans with normal Snellen visual acuity were concentrated between 16 and 29 c/d in a recent study by Dakin and Turnbull (2016) . Images were obtained with the Envisu system (840 nm) with the General Retina bore. Scale bars 100 mm.
Temporal visual acuity, another important component of visual perception, is a measure of how quickly an organism can process visual stimuli. Lisney et al. (2011) used a behavioral technique wherein birds were trained to peck when provided with light stimuli to measure the flicker fusion responses of adult chickens. This study determined the critical flicker fusion frequency (CFF), the frequency at which a flickering light is perceived to be continuous, to be an average of 87 Hz in the chicken. Lisney et al. (2012) then used electroretinography (ERG) techniques to repeat measurements of CFF in chickens, finding that the ERG responses were in phase with the stimulus up to 105 Hz, although it did not seem chicks could consciously perceive stimuli at this rate. Similar findings have been noted in humans, with CFF between 53 and 87 Hz as measured using ERG (Bowles and Kraft, 2012) . Recent work by Davis et al. (2015) also indicates that humans have the ability to perceive flicker artifacts at rates well above the reported CFF, perhaps up to rates of 500 Hz. Davis et al. (2015) suggest that saccadic eye movements are responsible for this ability to detect high frequency flicker.
Chicks also have the ability to perceive a wide spectrum of colors using the cone photopigment types described in Section 2.8. Viets et al. (2016) reviews the photoreceptor patterns present in the retinas of various species, including the chick, and describes the resultant color perception abilities of each species, noting that the chick has excellent color vision.
Electrophysiology
The electroretinogram (ERG) is a measure of light-evoked electrophysiologic responses used in functional evaluation of the retina. Subsequent sections of this review describe the use of ERG to characterize induced disease models (Section 3.3) and hereditary mutant models, particularly those with retinal degeneration (Sections 4.3, 4.5, 4.6, and 4.8). Both pattern and full field ERGs have identifiable wave forms that can be measured in the chick. Ostrin et al. (2016) studied pattern ERGs (PERGs) in normal and experimental chicks after optic nerve transection. Interestingly, chicks with transected optic nerves still demonstrate meaningful PERGs, indicating it is unlikely that retinal ganglion cells play a role in the chick PERG. Importantly, the PERG may also have some utility in estimating the visual acuity in the chicken. Using PERG, Ostrin et al. (2016) estimated chick visual acuity to be approximately 2.2 cycles/ degree, representing notably less than described by OKN testing methods (See Section 2.11). Ostrin et al. (2016) speculate that that inherent differences in the visual pathways activated by PERG and OKN testing may be responsible for the difference estimation of visual acuity. Schmid et al. (2013) used multifocal ERG (mfERG) to study retinas of normal chicks and those with form-deprivation myopia. In normal chicks there was minimal variation of the mfERG across the central retina, suggesting relatively uniform cone density. In chicks undergoing form-deprivation myopia, significant alterations were noted in mfERG waveforms compared to controls. Perhaps most interestingly, the effects of form-deprivation treatment on the mfERG were notable as early as 2 h after treatment initiation.
ERG has also been used for specific investigation of chick rod function. Schaeffel et al. (1991) used ERG to demonstrate that rod function in chicks is under diurnal control, with function endogenously turned off during the day. Similar results have also been noted in the quail (Manglapus et al., 1998) . Dark adaptation prior to ERG in chicks did not result in activation of rod function during normal daytime hours, but rod activity was noted during nighttime hours (Schaeffel et al., 1991) .
Current research applications: chick models for human diseases and conditions
Chick models have been used for the study of several major ocular diseases and conditions, as detailed below in sections 3.1e3.5. Table 2 provides an overview of the induced disease models described herein.
Corneal disease
This chick cornea is well-suited for study of corneal wound healing, opacification, and refractive surgery, and transplantation, particularly given the anatomical similarities with humans. The chick Bowman's layer, as in humans, is composed primarily of type V collagen intermixed with smaller amounts of type I collagen (Fowler et al., 2004; Gordon et al., 1994) . Linsenmayer et al. (1998) provides a detailed review of chick corneal development and the collagen molecules involved. In the chick and the human, Bowman's layer plays a key role in corneal epithelial healing and adhesion. Fowler et al. (2004) used the chick to compare postmechanical debridement re-epithelialization rates in corneas with preserved or laser-disrupted Bowman's layer and observed significantly faster re-epithelialization with Bowman's layer preserved. Moreover, after performing photorefractive keratectomy (PRK) on chick corneas, this study demonstrated histologically that irregularities between the stroma and Bowman's membrane correlated with the development of corneal haze, a major postoperative concern for laser refractive surgeries. In chick models, corneal haze has been shown to be proportional to the density of stromal cells, the bulk of which stain positive for the smooth muscle actin marker found in myofibroblasts (Fowler et al., 2004; Martínez-García et al., 2006) . This is consistent with work in post-LASIK human corneas by Dawson et al. (2005) that showed corneal haze in the flap margin with heavy stromal cellularity, most notably composed of myofibroblasts. Ritchey et al. (2011) studied wound healing following incision of chicken corneas and demonstrated epithelial and stromal cell changes resulting in cellular migration to the site of injury, reinnervation of the wound site by the ophthalmic division of the trigeminal nerve, and migration of CD45-expressing monocytes to the wound site. Martínez-García et al. (2006) performed PRK in hens, producing similar changes including proliferation of epithelial cells at the limbus and initial apoptosis of some stromal cells followed by stromal proliferation 24 h after PRK. The presence of macrophages was also seen at 12 h post-op. These changes are similar to those found in rabbit models of corneal injury (Wilson et al., 2001) . The chicken cornea has also been developed as a model for corneal haze, and can be used for future study on the pathophysiology and potential treatment of the condition (G omez et al., 2001; Merayo-Lloves et al., 2001) . In sum, the similarities in anatomy and mechanics of healing make the chicken an ideal model to study corneal injuries and healing following mechanical and laser procedures, such as refractive surgery (Fowler et al., 2004; Martínez-García et al., 2006; Ritchey et al., 2011) .
The corneal endothelial layer is responsible for maintaining corneal deturgescence and plays a role in a variety of human diseases, most notably Fuch's endothelial dystrophy. Importantly, damage and loss of endothelial cells from multiple pathologies often renders donor corneas non-optimal as transplants. Given the current demand for corneal transplantation, the possibility of using cultured endothelial cells to rebuild denuded corneas is being explored. Insler and Lopez (1991) transplanted human corneas, which had undergone endothelial cell denudement and replacement with culture-grown human fetal endothelial cells, into nonhuman primate subjects. They found that over 65% of corneas deturgesed and remained clear over 12 months. However, limited availability of human endothelial cells and inherent difficulties in using primate subjects make this a less than ideal research model. Hence, the development of a chicken model is underway. Mangioris et al. (2011) demonstrated that corneal endothelial cells can be harvested and cultured from chicken embryos. They were able to transplant these endothelial cells into host corneas at the same developmental stage, though few endothelial cells successfully incorporated into the host corneas. Those that did incorporate showed good adhesion to Descemet's membrane. As the techniques for transferring cultured cells improve, the chicken cornea may serve as an important model for corneal transplant using cultured endothelial cells.
Glaucoma
A chicken model for induced open-angle glaucoma, known as the light-induced glaucoma (LIG) or continuous light (CL) chick, (reviewed by (Bouhenni et al., 2012) ) has been present for some time (Jensen and Matson, 1957; Lauber et al., 1961) . Exposure to continuous light after hatching has been shown to produce decreased aqueous humor outflow and a shallow anterior chamber, leading to increased intraocular pressure (IOP) (Smith et al., 1969) . Kinnear et al. (1974) found that IOP was initially low in these chicks and later became elevated around 16e20 weeks post hatch. Despite the fact that these chicks have increased axial length compared to controls, they exhibit significant hyperopia due to decreased corneal curvature . Eventually, retinal detachment or other pathology occurs leading to complete blindness (Lauber, 1987) . A recent experiment by Wahl et al. (2016) provided further description of the IOP in chicks exposed to continuous light (CL). The study demonstrated that CL chicks did not have diurnal fluctuation in IOP present in control chicks. Like Kinnear et al. (1974) , they found that CL chicks initially had lower IOP than control chicks at early time points (post-hatch day 4 and week 4).
The iridiocorneal angle appears narrowed in the LIG model; however, both daily miotics, including isoflurophate, demecarium bromide, and ecothiophate iodide, (Lauber et al., 1965) , which open up the trabecular meshwork, and iridectomy (Frankelson et al., 1969) failed to produce significant reductions in IOP. This indicates that acute angle pathology does not contribute to increased IOP in this model (Lauber, 1987) . Importantly, the LIG model may have a role in translational glaucoma research. The effect of multiple IOP-lowering drugs which are effective in human glaucoma, including acetazolamide (Lauber et al., 1965) , timolol, and pilocarpine (Lauber et al., 1985) , similarly decrease IOP in the LIG model. Thus, the LIG model may specifically be useful to evaluate glaucoma drug candidates for future translation to the clinic. Furthermore, given the large eye size, stable blood-aqueous barrier, ease of handling, and low cost, LIG chicks might also serve as a reasonable model for glaucoma surgical procedure/device studies.
In addition to outflow models of glaucoma, a colchicine model (Fig. 7) has been established which selectively depletes retinal ganglion cells (Fischer et al., 1999a; Fischer and Reh, 2002) . This model may be useful for studying mechanisms of RGC loss and neuroprotection.
Retinal disease
The chick retina's cone predominance, large eye size, and similar cellular responses to retinal damage as occur in the human make it an advantageous research model. Several models to study retinal damage have been created. Intravitreal injection of the N-methyl-D-aspartate (NMDA) toxin causes excitotoxic damage in the retina, with neuronal apoptosis concentrated in the inner retina (Fischer et al., 1998a; Fischer and Reh, 2002) . Several human diseases Exposure to continuous light post hatch (Frankelson et al., 1969; Jensen and Matson, 1957; Kinnear et al., 1974; Lauber, 1987; Lauber et al., 1961 Lauber et al., , 1965 Lauber et al., , 1985 Li et al., 1995; Smith et al., 1969; Wahl et al., 2016) Glaucoma (retinal ganglion cell death) (3.2) Intravitreal injection colchicine (Fischer et al., 1999a; Fischer and Reh, 2002) Rhegmatogenous retinal detachment (3.3) Sub-retinal injections of hyaluronic acid or saline (Cebulla et al., 2012) Retinal excitotoxic damage (many retinal disorders) (3.3)
Intravitreal injection NMDA (Fischer et al., 1998a; Fischer and Reh, 2002) Chemical retinal detachment/folds (3. (2015) Myopia (3.5) Obscure central vision with defocusing, negative power lens Exposure to decreased light intensity (Cohen et al., 2011; Hodos and Kuenzel, 1984; Schaeffel et al., 1988; Wallman et al., 1978; Westbrook et al., 1995; Wildsoet, 2003; Wildsoet and Schmid, 2000) Hyperopia (3.5) Obscure central vision with defocusing, positive power lens Exposure to continuous light or increased light intensity (Cohen et al., 2011; Li et al., 1995; Schaeffel et al., 1988; Wildsoet, 2003; Wildsoet and Schmid, 2000) have a significant component of excitotoxic damage with elevated glutamate, including retinal ischemia, vascular occlusion, diabetic retinopathy, and glaucoma (reviewed in (Ishikawa, 2013; Osborne et al., 2004) ; see (Romano et al., 1998) for review of excitotoxic damage in the chick retina). Thus, the NMDA model is relevant for studying these mechanisms of retinal disease. In addition, combinations of intravitreal NMDA and IGF-1 (Fischer et al., 2010b) or NMDA and IL-6 (Fischer et al., 2015) produce chemical injury with resulting retinal detachment (RD)/retinal folds (Fig. 8) .
A model for rhegmatogenous RD has also been by established by Cebulla et al. (2012) using subretinal injections of hyaluronic acid to detach the retina.
Despite some anatomic differences in the retina compared with humans and other mammals, the biologic responses in chick RD were similar (Cebulla et al., 2012; Fisher et al., 2005; Lewis et al., 2002; Sethi et al., 2005) . Retinal responses to RD included Müller glia proliferation, migration, and increased expression of the intermediate filaments, photoreceptor apoptosis and opsin mistrafficking, outer segment degeneration, loss of outer nuclear layer thickness in detached areas, blunting of the retinal pigment epithelium (RPE), and macrophage accumulation in areas of damage were observed (Cebulla et al., 2012) . Additionally, the timecourse of these changes, particularly with the preservation of the ONL until seven to 14 days post-detachment, fits well with what is known about human retinal detachments (Davidorf et al., 1975; Diederen et al., 2007; Hassan et al., 2002; Ross, 2002; Ross and Kozy, 1998; Salicone et al., 2006) , in contrast to some experimental RD models like rabbits which have more rapid and severe photoreceptor degeneration (Fisher et al., 2005; Lewis et al., 2002) . In addition, the cone responses in RD could be evaluated in chicks, including observing a relative loss of SWS1-opsin in RD areas with heavy degeneration compared with levels of LWS/RH2 opsin or calbindin (Cebulla et al., 2012) .
Other models for RD present some inherent challenges when compared with the chick model. For example, ground squirrel RD models, commonly used for cone research, do not show the same robust response of Müller glia seen in human and chick RD (Linberg et al., 2002) . Moreover, chicks may have advantages over other large mammals, particularly in ease of handling and low cost.
Diabetes is another major disease that needs animal modeling for study. A model has been developed in embryonic chicks for the study of the macular thinning seen in offspring of mothers with gestational diabetes (Tariq et al., 2010; Zhang et al., 2016) . Zhang et al. (2016) developed this model by injecting glucose into chick embryos and have subsequently demonstrated specific changes in expression of signaling molecules in the retina, including Pax6, related to these morphological changes.
Streptozotocin, a chemical with selective toxicity for pancreatic beta cells, is commonly used to create diabetic animal models. In contrast to the rat, adult chicks have been reported to be resistant to streptozotocin-induction of diabetes (Simon and Dubois, 1980; Stellenwerf and Hazelwood, 1979) . However, chick embryos appear amenable to streptozotocin diabetes induction (Shi et al., 2014; Yoshiyama et al., 2005) . Yoshiyama et al. (2005) injected streptozotocin into the albumen of fertilized eggs day 14 of incubation and showed decreased insulin and elevated glucose levels at day 17. Shi et al. (2014) then demonstrated that injection of streptozotocin in the amniotic layer at embryonic day 12 produced typical ocular sequelae of diabetes, including cataract, retinal thinning, ERG abnormalities, and insulin-related signaling changes that were similar to those reported in the streptozotocin rat model. Direct effects of the drug rather than an indirect effect on the insulin-producing cells have not been excluded in this model.
Finally, as described in the subsequent section on the chicken ocular mutants, chicken models are used for the study of inherited retinal disease (IRD). The utility of animal models for IRD research is largely dependent on the similarity of a species' genome to the human genome. Slijkerman et al. (2015) assessed the utility of the chicken model by comparing amino acid sequences of human proteins known to be associated with IRD to those in their avian counterparts. They found 65% average sequence identity, less similar than all of the mammals studied, which notably included mice (79%) and macaques (92%), but more similar than the zebrafish (54%). This suggests that the chicken model may not be useful in studying certain forms of IRD. On the other hand, the ability to reproduce large numbers of chicks more quickly than their mammalian counterparts provides key advantages in studying IRD.
Ocular cancer
Embryonic chicks have also been used in the study of ocular cancers. Kalirai et al. (2015) reviewed the chick embryo's specific applications in the study of uveal melanoma. They describe the ability to incorporate human uveal melanoma xenografts into embryonic chicks prior to their immune system maturation, allowing for the study of metastasis in vivo. One method for introduction of the uveal melanoma xenografts involves injecting the cells into the chorioallantoic membrane (CAM) of the chick embryo. This CAM method (reviewed by (Deryugina and Quigley, 2008) ), first conducted with uveal melanoma cells by Luyten et al. (1993) , is advantageous because of the relative ease of access to the CAM, translating to a high embryo survival rate. The CAM's vascularity also allows for study of the dissemination of tumor cells to various tissues (Kalirai et al., 2015) . B erub e et al. (2005) used this CAM model to study matrix metalloproteinase-2 (MMP-2) activity in several uveal melanoma cell lines and determined that MMP-2 activity was increased in the vicinity of uveal melanoma tissue. Kalirai et al. (2015) also describe their own experiments with injecting uveal melanoma cells directly into the embryonic chick vascular system with subsequent incorporation of tumor cells into ocular and liver tissues. This approach may be useful in future studies of the metastatic behavior of uveal melanoma. Additionally, Busch et al. (2008) have transplanted murine melanoma cells directly into the optic cups of embryonic chicks and observed their malignant growth potential in the developing eye, including invasion of periocular tissue and the lens. Further, they were able to determine that invasive behavior of the melanomas was dependent on bone morphogenic protein-2 (BMP-2) expression and that invasive properties were eliminated in the presence of noggin, a BMP antagonist and morphogenetic signaling factor which has dorsalizing effects that inhibit mesoderm formation, including bone.
Retinoblastoma has also been studied using CAM assays in chick embryos. Busch et al. (2015) used this technique to investigate the metastatic behaviors of several different retinoblastoma cell lines and found that some lines were able to disseminate throughout the embryo, and all lines were able to extravasate from the blood vessels. Embryonic chicks have also been used in gene expression studies of the Disabled-1 (Dab1) signaling pathway believed to be implicated in the development of retinoblastomas (Katyal et al., 2011; Katyal and Godbout, 2004) .
Beyond their utility in ocular oncology, CAM models also have broad applicability for studying general biological processes. They are cost-effective and offer potential for high-throughput analyses for novel therapeutics for cancer, angiogenesis and wound healing. See Ribatti (2016) for a review.
Myopia and hyperopia
Humans are born with hyperopia, which resolves naturally in most cases as the eye grows after birth and undergoes emmetropization. Refer to Iribarren (2015) for a comprehensive review of refractive development in humans. Refractive errors are common in humans and deserve study. Significant hyperopia and myopia both impact quality of vision and can increase the risk of amblyopia. Of particular concern is the growth in the frequency and severity of myopia in recent years, with as many as 80e90% of school age children in some Asian countries suffering from some degree of myopia (Morgan et al., 2012) . Even in western countries the estimated prevalence is 20e25% of the population (Lawrence and Azar, 2002; Sperduto et al., 1983) with some studies indicating prevalence as high as 41% in young adults (Jones and Luensmann, 2012; Vitale et al., 2008) . More importantly, high myopia, greater than 6 D, can predispose to severe vision loss, retinal detachment, degeneration of the sclera and retinal pigment epithelium, as well as neovascularization and other abnormalities (Jones and Luensmann, 2012; Morgan et al., 2012) . For more detailed review of pathologic myopia, refer to Ohno- Matsui et al. (2016) . The increased prevalence and potential for vision-threatening changes highlight the need to better study and understand the basis of myopia.
The chick has provided important insight into the process of emmetropization and development of refractive errors. It is wellknown that vision deprivation can alter eye growth and emmetropization. The chick model has perhaps been the most widely studied model because of the ease in handling, relatively large eyes, and relatively rapid rate of ocular growth during adolescent development. Most chicks are born with some degree of refractive error and hyperopia. As the chick grows, increases in the axial length and other anatomic changes lead to emmetropization (Wallman et al., 1981) . These changes are very similar to the changes the human eye undergoes in the first two years of life. Interestingly, it appears that normal retinal function plays a large role in emmetropization Westbrook et al., 1995) . Deprivation of central vision in chicks can lead to increased axial length and a high degree of myopia, known as form-deprivation myopia (Hodos and Kuenzel, 1984; Wallman et al., 1978) . Fig. 9 demonstrates a form-deprivation myopia model. Schaeffel and Feldkaemper. (2015) reviewed the use of the chick as a model for myopia, and offered comparisons to other animal models. Hyperopia and myopia can also be induced by altering the refractive power of the eye with plus and minus lenses respectively (Schaeffel et al., 1988) . Induced refractive changes like form-deprivation myopia remain naturally reversible during the chick's emmetropization period. Wildsoet and Schmid (2000) found that myopia quickly resolved in young chicks when form deprivation stimulus was removed, but it remained present in form-deprivation chicks whose myopia was subsequently treated with corrective lenses, supporting a vision-driven emmetropization process. Wildsoet (2003) also demonstrated that chicks with induced hyperopic defocus were able to undergo similar active emmetropization to resolve refractive errors after removal of the defocusing stimulus. However, some degree of emmetropization can take place in chicks even when the optic nerve has been transected, indicating local retinal control of emmetropization (Troilo, 1990; Wildsoet and Schmid, 2000; Wildsoet, 2003) . Wildsoet and Schmid (2000) further elaborated that, while form-deprivation myopia did resolve after removal of defocusing stimulus in chicks with transected optic nerves, these chicks experienced more variability in their refractive error changes, implying that vision is needed for the most accurate emmetropization. Wildsoet (2003) demonstrated that chicks with induced hyperopia were also able to undergo emmetropization after optic nerve transection.
Hyperopia can also be induced by exposing chicks to continuous light (CL) after hatching . Exposure of chicks to increased light intensity with normal, 12-h light-dark cycles also produces hyperopia in growing chicks (Cohen et al., 2011) , while exposure to decreased light intensity on normal cycles produces myopia. These phenomena are explained by the role of the pineal gland and melatonin secretion in emmetropization . The chick pineal gland appears to be a directly light-sensitive organ, as Li and Howland (2003) demonstrated that placing a hood over the heads of chicks whose eyes were exposed to CL protected those chicks from developing hyperopia. This was hypothesized to be due to maintenance of normal melatonin secretion rhythms in hooded chicks. Additionally, Wahl et al. (2011) demonstrated that giving daily melatonin eye drops to CL chicks was protective against development of hyperopia. Additionally, they found that administering a melatonin hormone blocker, luzidone, caused normal day-night cycle chicks to develop hyperopia.
In chickens and other models including primates, different areas of the visual field respond independently to a defocusing stimulus. Studies using a contact lens with a clouded hemi-field showed differential growth of the sclera in the area with clouding Wallman et al., 1987) , even following optic nerve transection (Troilo, 1990) . Even when central vision is corrected by refractive lenses, the periphery may remain relatively hyperopic. It is thought that this remaining peripheral stimulus for growth may contribute to increasing eye size and central myopia (Schippert and Schaeffel, 2006) . A recent study by Tepelus et al. (2012) tested this hypothesis in chickens using radial refractive lenses, which had more positive power in the periphery than centrally. At least for one type of radial refractive lens, findings indicated inhibition of both central and peripheral eye growth. The use of these chick models for refractive error is facilitated by a recent Iribarren et al. (2014) study, which established a modified version of Bennett's equation for calculation of lens power. The introduction of a standardized method for this calculation allows widely available biometric techniques to be employed in chick experiments.
While the specifics of the environmental and genetic interplay that cause myopia in humans is still unknown, significant research has been done on the molecular signaling responsible for visionguided eye growth (Also discussed in section 5.1). Some of the endogenous signaling molecules (reviewed by Wallman and Winawer (2004) ) that have been determined to be involved in chick vision-guided eye growth and myopia development include dopamine (Lauber, 1991; Stone et al., 1989) , gamma-aminobutyric acid (GABA) (Chebib et al., 2009; Christian et al., 2013; Stone et al., 2003) , insulin-like growth factor-1 (IGF1) and fibroblast growth factor-2 (FGF2) (Ritchey et al., 2012b) , N-methyl-D-aspartic acid (NMDA) (Fischer et al., 1998b; Fischer et al., 1997) , retinoids (Fischer et al., 1999b) , and glucagon (Feldkaemper and Schaeffel, 2002; Fischer et al., 1999c Fischer et al., , 2008 Fischer, 2005) , which may be one of the most critical signaling molecules (Fischer, 2011) . Colchicine has also been determined to affect eye growth and development of myopia (Fischer et al., 1999b ). Colchicine's effect is likely mediated by its ability to destroy bullwhip neurons in the retina, which are thought to mediate ocular growth through glucagon release (Fischer et al., 2008) . It should be noted that neurons that produce glucagon or related neuropeptides have not been detected in the retinas of primates (Fischer, unpublished observations). Murine retinas also lack glucagon signaling, although other similar neuropeptides have been detected (Mathis and Schaeffel, 2007) . Thus, the mechanisms involving the growthslowing effects of glucagon in the chick are likely mediated by a different mechanism for detecting defocus than in primates. It is also notable that the chick choroid's ability to rapidly gain thickness in response to imposed myopic defocus Wildsoet and Wallman, 1995) has not been observed in primate models. This choroidal response is notable as the choroid is situated next to the RPE, which Rymer and Wildsoet (2005) suggest plays a critical role in signaling and regulation of eye growth. Nevertheless, evidence suggests that similar principles regulate retina/visionguided ocular growth and emmetropization in warm-blooded vertebrates, but the players within the retina are different (Schaeffel and Feldkaemper, 2015) . Further use of chick models in the study of myopia has identified candidate genes that undergo differential expression during eye growth. Ashby and Feldkaemper (2010) used microarray technology with real-time RT-PCR confirmation to investigate gene expression changes specific to the amacrine cell layers of chicks subjected to myopia and hyperopia-inducing lenses. Differential gene expression after plus vs. minus lens treatment identified candidates for future study.
Chicken hereditary ocular conditions
The chicken genome, 1.23 x 10 9 base pairs (bp), is approximately 40% of the size of the 3.1 x 10 9 bp human genome. A total of 16362 coding genes has been characterized. A list of hereditary conditions reported in chickens is available at the On-line Mendelian Inheritance in Animals (OMIA) website, http://omia.angis.org.au/home/. These chickens could be useful in the study of the biology and genetics of various ocular diseases, as well as for gene editing studies. As of November 2016, a total of 212 hereditary traits have been reported in OMIA. Out of these, 13 have significant ocular phenotypes as summarized in Table 3 . The literature about these mutants has not been standardized, and we use the OMIA nomenclature to standardize names used herein. It should be noted that in chickens, contrary to humans, the males are the homogametic sex (ZZ) while females are the heterogametic sex (ZW). Thus, females are affected by sex-linked genes rather than males. Many of these hereditary conditions have been reviewed by Hocking and Guggenheim (2014) . In sections 4.1e4.12 below, we describe 13 ocular mutant models and examples of the research that has been performed using them.
Albino chick (ca)
Rymer et al. (2007) showed albino chicken mutants shared some of the same ocular features found in human albinos including red eyes (due to lack pigment and showing of the underlying choroidal vessels), decreased visual acuity, and increased refractive abnormalities. It is important to note that this mutant strain lacked the nystagmus that characterizes albinism in humans. Additionally, this strain was previously demonstrated to lack the decreased cell density of the neural retina observed in albino mammals (Jeffery and Williams, 1994) . Despite this, ca chicks share many of the other ocular abnormalities as albino humans including photophobia, decreased visual acuity, and refractive errors. Thus, this strain serves as a good model for the study of ocular pathology resulting from albinism.
Pink eye (pk)
First described by Warren (1940) , this autosomal recessive mutation causes decreased melanin deposition in ocular tissues as well as feathers. Further studies in the pk mutant (Brumbaugh et al., 1973; Brumbaugh and Lee, 1975 ) demonstrated a structural defect in the premelanosomes, rendering them unable to effectively bind melanin intermediates. Although the pk mutant may be useful in the study of ocular albinism, this model has not been studied further in recent decades.
Delayed amelanosis (DAM)
The delayed amelanosis (DAM) chicken, also known as the Smyth Line (SL) chicken, was first described by Smyth et al. (1981) as a disease model for vitiligo. This strain exhibits marked loss of melanin in its feathers and develops blindness within two weeks of the appearance of amelanotic feathers. Histopathologic analysis initially demonstrates the destruction of choroidal melanocytes and inflammatory cell infiltration in the choroid (Fite et al., 1982e1983) . As vision deteriorates, choroidal involvement is followed by depigmentation of retinal pigment epithelium (RPE), loss of apical processes in the RPE, and subsequent photoreceptor cell death (Fite et al., 1982e1983, 1983 Smyth et al., 1981) . Evidence suggests that impaired phagocytosis in the RPE may be responsible for the retinal degeneration that occurs in the DAM strain (Lahiri and Bailey, 1993) . Degenerative changes of the retina begin at the base of the pecten oculi and progress to involve the central retina, occasionally sparing some areas. Fulton et al. (1983) used ERG to describe variability in the visual sensitivity of DAM mutants that correlated directly with the degree of histopathological disease involvement. This mutant strain has been suggested as a model for further study of several inherited diseases involving ocular pigmentation, including vitiligo, Vogt-Koyanagi-Harada disease, Chediak-Higashi syndrome, and sympathetic ophthalmia (Fite et al., 1982e1983) .
Successful treatment of Smyth Line vitiligo has been demonstrated with administration of cyclosporine (Fite et al., 1986) and corticosterone (Boyle et al., 1987) , producing decreased cutaneous and ocular manifestations of autoimmune amelanosis. As reviewed by Wick et al. (2006) , DAM chicks have been used extensively as a model for the study the genetic basis and pathophysiology of vitiligo. DAM chicks are a convenient model due to their early disease expression at approximately six to ten weeks post-hatch (Smyth and McNeil, 1999) . Recent studies of DAM chicks have led to more detailed characterization of the autoimmune, cytokinemediated disease activity and have narrowed in on various possible genetic markers of the disease (Jang et al., 2014) as well as potential changes in gene regulation correlated with disease activity .
Coloboma (co)
First described by Abbott et al. (1970) , the coloboma (co) chick demonstrates a wide variety of malformations inherited through sex-linked genes. Chicks hatch with ocular coloboma as well as skeletal malformations, commonly including shortened limbs. The clinical characteristics of these chicks are similar to those seen in human coloboma cases (Hocking and Guggenheim, 2014) . Recent progress has been made toward identification of the responsible mutation, which is lethal for female embryos (Robb et al., 2013) . Three candidate genes have been identified as targets for further investigation.
Retinal degeneration (GUCY1*)
Another mutant strain being studied is the retinal degeneration or GUCY1* chick by OMIA nomenclature, formerly known as the rc or rd chick (Semple-Rowland and Cheng, 1999) . Other studies (Semple-Rowland et al., 2001; Williams et al., 2006; Verrier et al., 2011 ) have referred to their strain as GUCY1*B. This mutant demonstrates loss of retinal guanylate cyclase-1 (RetGC1) activity and serves as a model for Leber's Congenital Amaurosis Type 1 (LCA1), which is caused by mutation in the human orthologue GUCY2D (Chung and Traboulsi, 2009; Perrault et al., 1996) . Typically inherited as an autosomal recessive condition, LCA1 (reviewed by (Boye, 2016; den Hollander et al., 2008) ) is characterized by loss of visual function in infancy, nystagmus, and apparent roving eye movements. In the corresponding chick model with mutation in GUCY1*, affected chicks are blind at hatch and ERG measurements are diminished or even non-recordable upon hatching (Ulshafer et al., 1984) . However, histological studies have shown no significant pathology until 7e10 days post-hatch (Baehr and Frederick, 2009; Semple-Rowland et al., 1998; Ulshafer and Allen, 1985) . Like LCA1 in humans, the GUCY1* chick exhibits autosomal recessive inheritance with homozygous mutations resulting in loss of function of RetGC1 in rods and cones, resulting in significantly lower levels of cyclic guanosine monophosphate, a signal transduction mediator in photoreceptors (Baehr and Frederick, 2009; Semple-Rowland et al., 1998) . Initial pathology is confined to photoreceptors with eventual loss of the photoreceptor layer by six to eight months post-hatch (Semple-Rowland et al., 1998; Ulshafer and Allen, 1985) .
This model has already been used to study gene therapy. Williams et al. (2006) introduced a functional guanylate cyclase (Boote et al., 2009; Morgan et al., 2013) Chick albino (ca; 000369-9031; 4.1) Tyrosinase (TYR) Ocular Albinism Autosomal Recessive (Jeffery and Williams, 1994; Rymer et al., 2007) Coloboma (co; 000219-9031; 4.4) Unknown Coloboma Z-linked (Abbott et al., 1970; Robb et al., 2013) Delayed Amelanosis, Smyth Line (DAM; 000034-9031; 4.3)
Unknown Vitiligo, Vogt-Koyanagi-Harada Disease, Sympathetic Ophthalmia, Chediak-Higashi syndrome Multifactorial (Boyle et al., 1987; Fite et al., 1982e1983, 1983 Fite et al., 1982e1983, , 1986 Fulton et al., 1983; Jang et al., 2014; Lahiri and Bailey, 1993; Smyth et al., 1981; Smyth and McNeil, 1999; Wick et al., 2006) Microphthalmia-4 (mi-4; 000650-9031; 4.11) Unknown Microphthalmia Unknown (Somes, 1992) Pink-eye (pk; 001700-9031; 4.2) Unknown Possibly Ocular Albinism Autosomal Recessive (Brumbaugh et al., 1973; Brumbaugh and Lee, 1975; Warren, 1940) Pop-eye (pop; 001253-9031; 4.7) Unknown Keratoconus Z-linked (Bitgood and Whitley, 1986) Sleepy Eye (se; 000921-9031; 4.12) Unknown None Autosomal Recessive (Somes, 1968; Carefoot, 1993) Retinal Degeneration (GUCY1*; 001245-9031; 4.5)
Retinal Guanylate cyclase-1 (GC1)
Leber's Congenital Amaurosis Type 1 (LCA1)
Autosomal Recessive (Baehr and Frederick, 2009; Chung and Traboulsi, 2009; Semple-Rowland and Cheng, 1999; Semple-Rowland et al., 1998 , 2001 Ulshafer and Allen, 1985; Ulshafer et al., 1984; Verrier et al., 2011; Williams et al., 2006) Retinal Dysplasia and Degeneration (rdd; 001366-9031; 4.6)
Multiple PDZ domain protein (MPDZ)
Retinitis Pigmentosa, LCA Z-linked (Ali et al., 2011; Beattie et al., 2012; Burt et al., 2003; Finnegan et al., 2010; Mckibbin et al., 2014; Randall et al., 1983) Retinopathy, Globe Enlarged (rge; 001368-9031; 4.8)
Guanine nucleotide binding protein 3 (GNB3)
Pathologic Myopia (early), Retinal Degeneration (late), ON bipolar cell dysfunction Autosomal Recessive (Boote et al., 2009; Curtis et al., 1988; Inglehearn et al., 2003; Montiani-Ferreira et al., 2003 , 2005 Tummala et al., 2006; Ritchey et al., 2010 Ritchey et al., , 2012a Retinal degeneration, Smoky Joe (SJ; 001869-9031; 4.10) Unknown Cataracts, Buphthalmos, Iridodonesis, Phthisis Bulbi, Retinal Degeneration
Autosomal Recessive (Baxter et al., 2014; Salter et al., 1997; Tran et al., 2013) Visual Impairment (GSN/1; 001352-9031; 4.12) Unknown None Unknown Shibuya et al. (2002) gene into GUCY1*B mutants using a lentivirus vector (Also described in section 5.2). Six of the seven subjects studied showed improvements in ERG responses and vision, based on optokinetic responses and vision-guided behavior. Verrier et al. (2011) also demonstrated restoration of vision in GUCY1*B chicks treated with bicistronic lentivral transgenes for functional guanylate cyclase, although visual improvements were transient and incomplete.
Retinal dysplasia and degeneration (rdd/MPZD)
Still another mutant strain serves as a model for retinitis pigmentosa. The phenotypic features of rdd chicks were described by Randall et al. (1983) as progressive degeneration of the retina with a diminished number of photoreceptors. Burt et al. (2003) determined that the z-linked mutation rdd leads to progressive vision loss from hatch with blindness resulting around 15 weeks. A significant reduction in photoreceptor numbers is noted in mutant chicks by embryonic day 18; by three weeks post-hatch, ERG recordings are flat . Spectral domain OCT demonstrates progressive thinning of the retina and the choroid of rdd mutants when compared to wild type chicks (Mckibbin et al., 2014) . Progressive loss of lamination of the outer retina also occurs. Histopathological findings include pigment changes and atrophy of the pecten oculi .
Recently (Ali et al., 2011) , identified the defective MPDZ gene located on chicken chromosome Z implicated in the rdd chicken model in which a C/T substitution resulted in a premature stop codon. In wild-type birds the full-length MPDZ protein is found in the retinal outer limiting membrane, while the full-length MPDZ protein was absent in the retinas of rdd chickens. This localization to the outer limiting membrane is important for two reasons. First, the outer layers of the retina, are the earliest sites of observed pathology in rdd chicks (Finnegan et al., 2010) . Second, CRB1, a protein known to interact with MPDZ, is also located there. Mutations in CRB1 are known to cause retinitis pigmentosa (den Hollander et al., 1999) and LCA (Cremers et al., 2002) in humans. Evaluation of human retinal degeneration patients only revealed heterozygous changes in MPDZ, although deletions of exons, introns, or promoters could not be ruled out; MPDZ variants acting as modifiers could also not be excluded (Ali et al., 2011) .
In addition to identifying a null mutation present in the rdd chicks, further progress is also being made at the level of protein expression. Finnegan et al. (2010) utilized gel electrophoresis, gel imaging, and mass spectrometry to profile protein expression in wild-type and rdd mutant chickens. The group was able to identify seven proteins whose expressions were significantly different between the wild-type and rdd chicken retinas. The most notable variation was that of the protein Secernin 1. Interestingly, the total expression of Secernin 1 was not different between wild-type and rdd chickens. However, resolution of the protein along an acid-base axis revealed the differential expression of two isoforms of Secernin 1, possibly the result of post-translational modifications including phosphorylation. Although the exact role of Secernin 1 and the other differentially expressed proteins is not known, the use of proteomics is a promising tool for further elucidation of the molecular mechanisms underlying retinal degeneration. Lam et al. (2006) have established a proteome database specific to the chick retina to facilitate further work in this field. Further characterization of the biomolecular differences between rdd and wild-type chicks has been investigated by Beattie et al. (2012) using Raman microscopy techniques.
Pop-eye (pop)
Bitgood and Whitley (1986) described a sex-linked mutant strain causing keratoconus. The keratoconus is not immediately detectable post-hatch, but is discernible after a few weeks of growth. This Pop-eye mutant, as it was eventually called, is associated with an isolated increase in anterior chamber depth. The authors suggested that the Pop-eye strain may serve as a good model for studying ocular refractive errors as well as potential treatment modalities for keratoconus; however, our literature search did not reveal further ocular studies using the Pop-eye mutant.
Retinopathy, globe enlarged (rge)
The retinopathy, globe enlarged (rge) mutant strain was first described in a commercial line of chickens found in the United Kingdom (Curtis et al., 1988; Inglehearn et al., 2003; MontianiFerreira et al., 2005) . At birth, rge chicks have poor visual acuity but normal ocular dimensions (Montiani-Ferreira et al., 2003) . ERG abnormalities are noted within 12 h of hatching. As they age, they experience increased ocular growth, leading to increased axial and radial dimensions. Chicks go blind around 30 days post-hatch although gross abnormalities of the retina are not seen early in the disease process. Histopathological analysis showed significant thinning of the retina compared to controls by 14 days post-hatch, with gradual thinning continuing throughout the disease process. Around post-hatch day 90, gross retinal degeneration is seen (Montiani-Ferreira et al., 2005) . Montiani-Ferreira et al. (2003) suggest photoreceptor dysfunction, rather than photoreceptor loss, is the primary driver of vision loss in rge chickens.
In addition to progressive retinal degeneration and dysfunction described above, the rge chick eye is also characterized by progressive globe enlargement, likely secondary to the underlying retinal dysfunction (Montiani-Ferreira et al., 2003) . This enlargement is related to flattening and thickening of the cornea (Boote et al., 2009 ), similar to corneal growth changes seen in chicks undergoing constant light exposure (Wahl et al., 2009 ). Both radial globe diameter and corneal radius of curvature were significantly increased in rge chicks as early as one month post-hatch (MontianiFerreira et al., 2003) . To further characterize these changes, Boote et al. (2009) examined the ultrastructure of rge corneas using transmission electron microscopy and X-ray scattering techniques. They found that the organization of collagen fibrils in the central area of the corneas displayed an orthogonal pattern in both rge mutants and controls. However, significant differences were seen in the peripheral cornea. In the normal chick cornea, collagen fibers take on an annular, circumferential pattern in the periphery. This pattern was preserved in one month post-hatch rge mutants but by three months post-hatch significant disruptions could be seen. Instead of an annular pattern, the rge chicks instead displayed corneal fibrils in superior-inferior and medial-lateral orthogonal planes, similar to those of the central cornea. These corneal changes observed in rge mutants also makes them an interesting model for further study on the impact of ultrastructure on corneal shape, in addition to the above applications to retinal disease. Tummala et al. (2006) demonstrated that a deletion of a single amino acid (D153del) in guanine nucleotide-binding protein beta-3 (GNB3), results in the rge phenotype. The gene, GNB3, is expressed in ON-type bipolar cells and both rod and cone photoreceptors (Dhingra et al., 2012) . The wild type products aid in the opening of cyclic guanosine monophosphate-gated channels (Ritchey et al., 2012a) . Ritchey et al. (2010) demonstrated complete absence of the GNB3 protein in rge chicks. Globe enlargement in the rge strain allows for study of ocular growth, which is important for understanding emmetropization and certain refractive errors. In fact, Ritchey et al. (2012a) used rge mutants to show that emmetropization and increased ocular growth due to form-deprivation and hyperopic defocus using lenses does not require high acuity vision or GNB3 mediated signaling. At the same time, growth responses to myopic defocus appeared to be dependent on visual acuity and/or GNB3 mediated signaling.
Human retinal abnormalities have also been linked to GNB3 mutation. Recently, Vincent et al. (2016) This patient presented as a child with nystagmus, a normal funduscopic exam, mild OCT abnormalities in the macula, and ERG abnormalities. While further data is needed for comparison to the phenotypic findings in the rge chick, these findings underscore the utility of the rge chick in studying inherited retinal disease in humans.
Blindness enlarged globe (beg)
Similar to the rge mutant, the blindness enlarged globe (beg) mutant is characterized by a developmental retinal dystrophy followed by subsequent globe enlargement; however, one key difference is that beg mutants are blind at hatch (Morgan et al., 2013) . Retinal changes in beg mutants include the development of intracellular spaces, loss of photoreceptors, and clumping of the retinal pigment epithelium. Morgan et al. (2013) examined the corneal structure of beg mutants in analogous fashion to the Boote et al. (2009) investigation of rge mutant corneas (described in section 4.8). They found no significant difference between control and beg corneas at one month post-hatch, despite the fact that these birds are blind at hatch. This was different from rge mutants who do show significant ultrastructural changes at one month post-hatch even though they are just beginning to lose their vision at that time (Boote et al., 2009) . In terms of the actual collagen fibril orientation, Morgan et al. (2013) observed similar findings to the Boote et al. (2009) rge study: beg mutants had orthogonal patterns in the central cornea similar to controls; however, the annular pattern present in the peripheral cornea of controls was disrupted in beg mutants. This disarray of the peripheral cornea was progressive out to nine months of age, the latest time point studied.
Smoky Joe (SJ)
The Smoky Joe strain, also exhibiting an autosomal recessive inheritance pattern (Hocking and Guggenheim, 2014) , remains largely uncharacterized. This strain was first described by Salter et al. (1997) . Interestingly, not all homozygous SJ chicks display the same phenotype. Moreover, the exact genetic mechanism causing the SJ phenotypes has not yet been elucidated. While some subjects retain vision at hatch, by eight weeks all subjects are blind (Tran et al., 2013) . Furthermore, these chicks are plagued with a wide range of ocular pathology including buphthalmos, cataracts, iridodonesis, and phthisis bulbi with resultant retinal degeneration (Salter et al., 1997) . Additionally, although both eyes are always affected in some way, the changes are not necessarily congruent between the two eyes.
A natural dichotomy exists between SJ mutants: those that are blind at hatch and those that are not. Tran et al. (2013) attempted to characterize the differences in embryonic retinal development between these two groups. They found that the total number of retinal cells was reduced in birds who were blind at hatch. A delay in the formation of the three nuclear layers (inner nuclear layer, outer nuclear layer, and ganglion cell layer) was also noted in birds blind at hatch. In terms of specific cell types, Tran et al. (2013) found that amacrine cells and rod photoreceptor cells were reduced both in terms of total number and in proportion to other cell types in blind hatchlings. This observation implicates these two cell types as possible sites of early pathologic change; however, one important limitation was noted by the authors. They pointed out that only the number of cells, and not functionality, was investigated.
The SJ strain was used recently to examine the role of light exposure in the sexual maturation of the chick (Baxter et al., 2014) . The researchers used blind SJ chicks to model how chicks would mature in the absence of light detection in the retina, and they determined that the chicks' ability to detect light did not affect their sexual maturation. They did, however, determine that the type of light exposure significantly influenced maturation.
Microphthalmia-4 (mi-4)
As described by Somes (1992) , the mi-4 mutant chick demonstrates severe reduction in eye size (2e30% of normal size) in 80% of affected chicks. It manifests bilaterally in 2/3 of affected chicks, and demonstrates no atypical effects on comb or neck feathers. These mutant chicks typically die in embryo or in the first week of life. The associated mutation is believed to be transmitted by autosomal recessive inheritance with near 100% penetrance in females and near zero in males. To our knowledge, this mutant has not appeared again in the literature since its discovery.
Other hereditary ocular conditions
Two other unique ocular mutants, the Sleepy Eye (se) and Visual Impairment (GSN/1) chicks are identified in the OMIA database. The human disease correlates for these conditions are less clear than for previously described chick lines. The se chick was first identified by Somes (1968) . These chicks hatched with their lower eyelids partially closed, and this defect persisted throughout their lives. Carefoot (1993) investigated the mutation present in se chicks and described its location on chromosome 1. The GSN/1 strain was first identified by Shibuya et al. (2002) . These chicks demonstrated decreased visual acuity without obvious pathology on funduscopic exam. Pathologic exam demonstrated a reduction in the number of retinal ganglion cells and a reduction in the nerve fibers present in the optic tectum. To our knowledge, the se and GSN/1 chicks have not been used for further studies.
Gene therapy and retinal regeneration
Stem cells
Advancements in stem cell technology may hold the potential to cure previously untreatable conditions. Endogenous stem cells exist in the circumferential marginal zone (CMZ) of undamaged chicken retinas (Fischer and Reh, 2000) . These cells may, in part, be responsible for increases in retinal size during ocular growth and emmetropization (Discussed in section 3.5). Indeed, the proliferation of neural stem cells found at the far peripheral edge of the retina increases with increased rates of ocular growth and with introduction of growth factors including epidermal growth factor, insulin-like growth factor, and insulin (Fischer and Reh, 2000) . Fischer et al. (2005) also demonstrated that growth appears to be modulated by large glucagon containing neurons, named bullwhip cells. Increased glucagon levels lead to progenitor cell suppression, while antagonists have the opposite effect. Fischer et al. (2005) theorized that the vision-induced cues for retinal growth may be communicated to the stem cells via glucagon signaling from the bullwhip neurons. Notably, NMDA-induced cytotoxicity did not increase rates of growth, possibly indicating that this pool of stem cells does not take part in retinal repair (Fischer and Reh, 2000) .
Fischer (2011) also focused on using chick retinas to demonstrate the regenerative potential of the retina. In damaged chick retinas, Müller glia, a cell type derived from neuroepithelial stem cells and distinct from the CMZ progenitor cells present in fish, amphibians, and birds, undergo de-differentiation to acquire progenitor phenotype, expressing Pax6, Chx10 Reh, 2001), Six3 (Fischer, 2005) , Notch1 (Ghai et al., 2010; Hayes et al., 2007) , and other factors found in retinal progenitor cells including Klf4 (Todd and Fischer, 2015) and asc11a (Fischer and Reh, 2001) . Interestingly, these de-differentiated cell types are not found in the intact retina, possibly indicating that damage may induce signaling that causes Müller glia to revert (Fischer, 2011) . Alternatively, given the finding that Müller glia-derived progenitor cells will go through multiple rounds of mitosis ex vivo compared to a single round of division in vivo Reh, 2001), Fischer (2011) posits that the intact retina suppresses Müller progenitor cells. Although all Müller glia-derived progenitor cells have the ability to generate new neurons, only a small fraction of them do. The mechanism of this inhibition remains unknown. In past studies, similar Müller glia-derived progenitor cells have been found in fish models (Bernardos et al., 2007; Fausett and Goldman, 2006) . Unlike the chicken and mammalian models, in fish these cells give rise to a significant number of new neuronal cells (Montgomery et al., 2010) .
Significant progress has been made in identifying the cell signaling pathways that orchestrate the transition of Müller glia into Müller glia-derived progenitor cells (MGPCs). The zebrafish retina has an exceptional regenerative capacity that is regulated by a complex network of signaling pathways which includes Notch, Wnt, MAPK, Jak/Stat, PI3k/AKT, and TGFb (Conner et al., 2014; Lenkowski et al., 2013; Nelson et al., 2012; Ramachandran et al., 2011; Wan et al., 2014; Zhao et al., 2014) . In contrast, the chick retina has little or no capacity for functional regeneration, yet large numbers of proliferating MGPCs can be stimulated to form after damage or FGF2-stimulation (Fischer et al., 2014b; Fischer and Reh, 2001 ). Similar to the zebrafish, a network of cell-signaling pathways that influence MGPC-formation is being uncovered in the chick model system. The network of pathways that control the formation of MGPCs is known to include Notch-, Wnt-, MAPK-, Jak/ Stat-, mTor-, Hedgehog-, and glucocorticoid-signaling (Fischer et al., 2009a , 2009b , Gallina et al., 2015 Ghai et al., 2010; Hayes et al., 2007; Todd et al., 2016; Todd and Fischer, 2015; Zelinka et al., 2016) . In the mammalian retina, Müller glia retain a severely limited capacity to become MGPCs and this process requires damage followed by growth factor stimulation, or transgenic overexpression of the proneural transcription factor ascl1 (Karl et al., 2008; Ooto et al., 2004; Ueki et al., 2015) . Similar to the fish and avian retina, MAPK and Wnt have been implicated in driving MGPC formation in the rodent retina (reviewed by (Hamon et al., 2016) ).
Stem cells may not always be able to directly replace dead or damaged retinal cells, but they may provide an environment that prolongs the life-spans and improves functionality of diseased cells. showed embryonic cells from chicks 7, 10, and 11 days after conception had the ability to prolong retinal ganglion cell life in retinas treated with colchicine, a drug known to damage and induce apoptosis in retinal ganglion cells (Fig. 7) . The cellular factors responsible for the differential survival could perhaps be developed therapeutically for retinal disease.
In addition, significant investigation has been conducted in the chick to determine the role of the RPE in retinal regeneration. Wang et al. (2010) and Belecky-Adams et al. (2008) review the RPE's ability to differentiate into retinal neurons in the embryonic chick and suggest that RPE reprogramming may offer an approach for regenerating damaged retinal cells. Interestingly, one of the studies reviewed therein (Liang et al., 2006) describes the ability of in vitro cultured RPE cells to differentiate into retinal neurons after transplantation into embryonic chicks. Of note, the regenerative potential of the RPE is not unique to the chick and has been demonstrated to a limited extent in mammals. Zhao et al. (1995) demonstrated that the early embryonic rodent RPE could transdifferentiate into neural retina. Sakami et al. (2008) demonstrated that activin, a signaling molecule from the TGFb family, inhibits the ability of the RPE cells to transdifferentiate after early embryonic stages in rodents and subsequently found that activin receptor blockade was able to delay this inhibition. Other species like the newt appear to have even more robust regenerative potential, as RPE cells from adult newts have been demonstrated to transform into retinal neurons and ganglion cells (reviewed by (Grigoryan and Markitantova, 2016) ).
Gene manipulation
One key challenge in chick research has been the induction of transgenic chicks, which has proven more difficult than transducing rodents. However, the field of gene manipulation has expanded into chick models since the completion of sequencing of the chicken genome (Hillier et al., 2004) . New methods have resulted in improvements for inducing gain-of-function and lossof-function mutations, quantifying changes in gene expression, and manipulating embryonic stem cells (reviewed by (Stern, 2005; Streit et al., 2013) ). Given the well-documented similarities between chick and human embryonic development, ease of access to chick embryos, large size of developing chick embryos, and economic efficiency of chick research, the chick model is ideal for expanded gene manipulation applications. Several different techniques for gene manipulation have already been used to successfully target the retina in embryonic chick models (Summarized in Table 4 ). Several of these techniques have been reviewed by Doran et al. (2016) , Hocking and Guggenheim (2014) , and Vergara and Canto-Soler (2012) . This section focuses primarily on gene manipulation techniques applied specifically to the chick retina.
Retroviral vectors were introduced to chick eye research more than two decades ago, with the use replication-incompetent viruses as lineage tracers to study developing extrinsic eye muscles in chicks (Wahl et al., 1994) . Retroviral vectors were also among the first methods used for gene transduction in embryonic chick retinas. As mentioned in section 4.5, Williams et al. (2006) used a lentiviral vector in rd (GUCY1*B) mutant chick embryos to transfer a gene coding for retinal guanylate cyclase (RetGC1) to the embryos, resulting in, functional, ERG, and histopathological improvements in the chicks' retinal disease post-hatch. However, they found their intervention was able to slow but not prevent retinal degeneration, as treated chicks still progressed to blindness. In this experiment, it seemed that gene transduction was not consistent enough across the retina to achieve a lasting result. Verrier et al. (2011) also used lentiviral systems to deliver modified transgenes to rd (GUCY1*B) chick embryos, attempting to improve on the gene transduction levels from the Williams et al. (2006) Replication-Competent Avian sarcoma-leukosis virus (ASLV) long terminal repeat (LTR) with a Splice acceptor vector (RCAS) retroviral systems have also proven to be useful vectors for the study of embryonic chick eye development, as reviewed by Vergara and Canto-Soler (2012) . While RCAS has been primarily used to deliver transgenes for gain-of-function studies, an RCAS gene knock-down technique using RNA interference (RNAi) has also been utilized in the chick retina by Harpavat and Cepko (2006) .
Electroporation has been a critical gene manipulation tool in studies of the developing chick eye. Electroporation has been used to facilitate morpholino incorporation in several gene knock-down studies (Betancur et al., 2010; Canto-Soler and Adler, 2006; Mende et al., 2008) . Electroporation has also been used in chick embryos to facilitate enhanced green fluorescent protein (EGFP) labeling for study of the developing ocular adnexa, specifically the abducens and oculomotor nerves (Lance- Jones et al., 2012) . Vergara et al. (2013) successfully used electroporation for genetic manipulation of ex vivo cultured retinal cells. This particular electroporation method was used for both gain-of-function experiments using plasmid transfection and loss-of-function experiments using RNAi molecule transfection. While reviewed thoroughly by Vergara and Canto-Soler (2012) , it should be noted that development of effective retinal cell culture techniques, described initially in Hyndman and Adler, 1982) , provide the foundation required for use of these advanced gene manipulation techniques. Although the embryonic retina is receptive to electroporationmediated gene transfer, the sclera of post-hatch chicks imposes significant electrical resistance and prevents electroporation of the retina in vivo (Fischer, unpublished observations).
Ultrasound-mediated transfer of genetic material, or sonoporation, has also been used successfully in chick embryos. Fischer et al. (2006) used sonoporation to transfect chick retinal neurons with plasmid DNA and compared this method with adenoviral vector transfection. Sonoporation was a more effective means of transfection and proved to be relatively simple and inexpensive.
A new selective gene editing technology ready for use in retinal gene manipulation studies in the chick is the CRISPR-Cas9 system. This tool allows for more specific genome editing than other options. A recent study by Ranganathan et al. (2014) demonstrated modifications to the CRISPR-Cas9 system that allow for an expanded number of target gene sites in chicks. As a proof of concept, they demonstrated their system could target the MERTK gene, but they did not describe experiments that actively manipulated the chick genome. This MERTK target has significance for future use of the CRISPR-Cas9 system in retina research, as mutations in this gene have been previously linked to development of retinal dystrophy in rats (D'Cruz et al., 2000) . More recently, Oishi et al. (2016) further applied the CRISPR-Cas9 system, using chick primordial germ cells, to create the first germline chimeric roosters with mutagenized ovalbumin or ovomucoid egg white genes. Chimeric chicks were then bred to obtain heterozygous and homozygous mutant animals. The authors speculate that modification of their CRISPR-Cas9 methods will allow for broad applications in genomic manipulation, including knock-in mutation induction, large genomic deletions, and modification of transcription, which would present obvious opportunities for inherited retinal disease research and other lines of investigation. While this array of tools applied to the chick eye research represents a significant repertoire, other gene manipulation tools successful in chick research not specific to the eye could be adapted to eye research. These methods include the use of adeno-associated viral vectors to transfer genetic material to embryonic chicks , in vitro culture and modification of primordial germ cells that can be introduced to chick embryos to produce transgenic chickens (Macdonald et al., 2010; Tyack et al., 2013; van de Lavoir et al., 2006) , transposons capable of creating transgenic chickens (Macdonald et al., 2012; Park and Han, 2012) , homologous recombination techniques to produce gene knockouts (Schusser et al., 2013) , and transcription activator-like effector nucleases (TALENs) to knockout targeted genes .
Comparisons of the chick and mouse ocular research models
The chick and the mouse are both commonly used animal models for ocular research. While a complete description of the mouse as a model for ocular research is beyond the scope of this review, Table 5 offers relative, practical comparisons between the two animal models, describing their utility in ocular research. These comparisons are derived from the research experience of the authors of this review. Many of the key advantages of the chick mentioned in Table 5 , including its relative ease of ocular manipulation, relative ease of drug delivery to the anterior and posterior chambers, and the larger amount of available tissue, are direct results of the larger eye size in the chick. Its low cost and easy handling are advantages for potential high-throughput studies. Key advantages in mouse models relate primarily to the relative ease of genetic manipulation in the mouse and the wide variety of available mutants, including inducible Cre-lox systems, for modeling human disease.
While a thorough description of chick models for human ocular diseases and conditions has been provided herein, detailed reviews of mouse models of human disease exist already in the literature. Some of these reviews include Graw (1999) and Marchitti et al. (2008) for mutants used in studying cataract and lens development, Graw (2003) for congenital ocular defects, Kao (2006) and Marchitti et al. (2008) for corneal disease, Lindsey and Weinreb (2005) for induced mutant glaucoma models, Pang et al. (2015) for viral vector-induced glaucoma models, Chakraborty and Pardue (2015) for mutant models used to study refractive development, Baehr and Frederick (2009) for naturally occurring mutant models of outer retinal disease, Dalke and Graw (2005) for natural and induced mutant models for congenital retinal disease, Nair and Vemuganti (2015) for retinoblastoma mutant models, and Yang et al. (2008) for uveal melanoma xenograft models. A detailed database of murine mutants and genetic diseases and conditions reported in mice can be found at the Jackson Laboratory Mouse Genome Informatics (MGI) website, http://www.informatics.jax. org/. Further information regarding murine models for human disease can be found via the Online Mendelian Inheritance in Man (OMIM) website, https://www.omim.org/.
Another notable advantage of the chick model (Table 5) is that the chick is much more visual than rodents which are nocturnal in nature (Schmid and Wildsoet, 1998) . For example, the daytime vision of chicks is far superior to rodents and therefore is more directly relevant to human in the study of vision. Although both chick and mouse lack an anatomic fovea, the presence of an analogous structure (area centralis in the chick) to the human fovea is also advantageous. The higher central density of cones in chick compared with rodents may have advantages in better modeling human macular disease. Finally, the chick chorioallantoic membrane (CAM) model (See Section 3.4 for detail on the CAM model) provides another advantageous system for studying ocular cancer therapeutics and metastatic mechanisms without the immunosuppression, cost, and time required for murine xenograft models.
Conclusions and future directions
The chick has been utilized in vision research for over a century. Recent work has broadly expanded the potential utility of chick as a model system for ocular, particularly retinal, diseases and conditions. Despite being a non-mammalian animal model, chick retinal damage responses have surprising similarity to those in humans, especially when compared with other commonly-used mammalian models. Given the similarity of retinal damage responses to humans, low cost, ease of handling, capability for retinal imaging, ready availability, sequenced genome and ability for genetic manipulation, we expect the popularity of the chick model to expand to support high-throughput, translational studies in the future. In particular, chick models may be used for trials of ocular pharmaceuticals including new chemotherapeutic, anti-fibrotic, anti-angiogenic and IOP-lowering agents, models for developing new surgical techniques, further studies of stem cell properties, and 
